Abstract Nitrate contamination in both surface water and groundwater has received considerable attentions in irrigated agricultural areas. Nitrate concentrations, and its nitrogen and oxygen isotopic compositions, as well as oxygen and deuterium isotopic compositions and chloride concentrations of surface water and groundwater from a typical area in the lower reaches of the Yellow River irrigation district were analyzed to ascertain spatial variations of nitrate and its possible sources and transformations. The results of this study showed nitrate in the Yellow River mainly derived from mineralization of organic matter in sediments and nitrification of atmospheric deposition, and nitrate in other important tributaries were greatly affected by agricultural activities, especially synthetic fertilizer. Nitrate in irrigation canals which go through concentrated residential zone mainly originated from domestic effluent and experienced nitrification. Nitrate in groundwater is not only affected by surface nitrate sources, but also closely related to hydraulic conditions which make nitrate source discrimination more complex. In areas belonging to the Yellow River basin with shallow water tables, nitrate is mainly derived from synthetic fertilizer, and denitrification processes controlled nitrate isotopic compositions in extremely shallow groundwater with low hydraulic gradients. While in places belonging to the Haihe River basin with deep water table, groundwater nitrate is largely affected by mixing process of irrigation water. The main sources of nitrate in groundwater are manure and sewage and soil organic matter, while chemical fertilizer and atmospheric deposition in large amount of rainfall are its minor contributors.
Introduction
As the main existing form of nitrogen, nitrate NO À 3 À Á is found naturally in the environment (Appelo and Postma 2005) . Since the 1970s, nitrate in water has received considerable attention due to its environmental and health effects. Previous studies show that high concentration of nitrate can be related to some specific forms of cancer and methemoglobinemia (Fan and Steinberg 1996; Fewtrell 2004) , eutrophication and seasonal hypoxia in estuaries and coastal oceans (McIsaac et al. 2001) . Nitrate contamination in water bodies was reported from all parts of the world. A survey of farm drinking water quality conducted through the province of Ontario, Canada, in 1991 and 1992 showed about 14 % of 1292 wells with NO 3 -N concentrations above 10 mg/L limit (Goss et al. 1998 ). The nitrate concentration of alluvial groundwaters in the Nakdong River basin, Korea, varied widely from below the detection limit to 383.4 mg/L NO À 3 À Á with the median nitrate concentration of 55.4 mg/L (Min et al. 2002) , and in China nitrate was detected (detection threshold of 0.2 N mg/L) in 96 % of all groundwater and 28 % of groundwater samples exceeded WHO's drinking water standard of 50 NO À 3 mg/L (Gu et al. 2013; WHO 2011) . Nitrate in water has many potential sources, including non-point sources such as atmospheric deposition, soil organic matter and nitrogen fertilizer and pesticides application in agricultural activities, and point sources including discharge of urban domestic sewage, industrial wastewater, septic tanks and landfills.
Accurate source identification is critical for reasonable protection and prevention of water from nitrate contamination. Nitrogen isotopes d 15 N À Á in nitrate have been widely used for nitrate source discrimination over the past several decades because different sources of nitrate often have distinct isotopic compositions (Heaton 1986; Kendall et al. 2008; Kohl et al. 1971) . Using atmospheric N 2 isotopic composition as standard (0 %), synthetic fertilizer produced by fixation of atmospheric N 2 often has lower d
15 N values, generally in the range of -4 to ?4 % (Kendall et al. 2008) , soil N has slightly higher d 15 N values from 0 to ?8 % linked to the relative rate of mineralization and nitrification, and manure and sewage are enriched in 15 N due to large fractionation during volatilization of 15 N-depleted ammonia and conversion of NH 15 N values of atmospheric N deposition have a wide range from -13 to ?13 % due to multiple effects of chemical reaction in the atmosphere and various anthropogenic sources such as combustion of fossil fuels (Xue et al. 2009 ). Nitrate derived from synthetic fertilizer (-4 to ?4 %) versus animal waste (?5 to ?25 %) can be differentiated successfully using d 15 N alone due to their distinct isotopic composition ranges, while nitrate derived from atmospheric deposition and chemical fertilizer cannot be discriminated depending on d
15 N values only, because of their overlapping ranges.
Since the early 1990s, oxygen isotopes d 18 O À Á in nitrate have been used as an additional tool for nitrate source discrimination and process analysis, owing to larger differences in its isotopic signatures than d 15 N between atmospheric NO À 3 (from ?52.5 to ?60.9 %) and microbially produced soil NO À 3 (from ?0.8 to ?5.8 %) (Durka et al. 1994; Kendall et al. 1995; Kendall and McDonnell 2012; Xue et al. 2009 ). Nitrate-nitrogen and nitrate-oxygen dual isotope methods have been successfully used for nitrate sources identification in both urban and agriculture rivers, small and large river basins, wetland and coastal system, surface and groundwater systems (Battaglin et al. 2001; Campbell et al. 2002; Kendall et al. 2008; Wankel et al. 2006 ).
An understanding of how biogeochemical cycling affects the isotopic composition is a prerequisite for correct and reasonable application of isotopes as tracers of various (Kendall et al. 2008) . Compared to ''coupled'' isotopic effects during denitrification and assimilation, nitrification can be considered as ''decoupled'' process because sources of nitrogen and oxygen atoms are unrelated (Kendall and McDonnell 2012) . However, after several researchers' work (Andersson and Hooper 1983; DiSpirito and Hooper 1986; Hollocher et al. 1981) , the current understanding is that two oxygen atoms in NO (Ren and Tang 1998) . Compared to widespread water scarcity in most regions of North China plain (NCP), the Yellow River irrigation area in the lower reaches usually has shallower water table because of lateral seepage from the Yellow River and vertical recharge from surface irrigation (Shen et al. 2011 ). In the process of water movement, large amount of nitrate residue in the soil resulted from excessive application of synthetic fertilizer, will move along with water flow due to its good solubility in water and not readily absorbed by soil colloids. Apart from the effect of agricultural activities on nitrate in groundwater, other sources including municipal sewage, industrial wastewater and other point sources (landfills, septic tanks) have been discussed in recent years. In addition, because of the large amount of diverted water used for irrigation, the Yellow River water and its tributaries, which usually have higher nitrate concentrations than precipitation, also contribute to the nitrate in groundwater (Chen et al. 2007 ). Previous studies conducted in North China plain suggested that groundwater nitrate is also related to the geological setting, and groundwater flow system controls accumulation patterns of nitrate (Chen et al. 2005) . Study result of environmental isotopes in a typical irrigation region located in NCP showed that the main sources of nitrate in surface water were nitrification of fertilizer and sewage and mineralization of soil organic N and sewage mainly contributed to nitrate in groundwater during dry season (Zhang et al. 2014) .
Puyang Yellow River (PYR) irrigation region is chose as the case study region due to its special geographical location and over 30 years of irrigation history. In this study, we have analyzed the dissolved anions and isotopic compositions of dissolved nitrate in both surface and groundwater. Comparative analysis of hydrochemical and isotopic characteristics between surface and groundwater sheds light on the interaction between different water bodies and different nitrate sources for different water bodies.
Materials and methods

Study region description
Puyang Yellow River (PYR) irrigation region is located in the junction of Shandong, Hebei and Henan provinces, in the northern area of Henan Province (China) (Fig. 1) . It covers an area of about 3150 km 2 and has a population of over 2.890 million. The study area has a continental monsoon climate with four distinct seasons, sandy-dry spring, hot-wet summer, clear-sunny autumn and cold-dry winter (Lu et al. 2014) . The monthly average temperatures vary from -1.6°C in January to 26.8°C in July (Liu et al. 2010) . The average annual precipitation is 644.4 mm, with over 65 % of the annual precipitation falling during June and September (Liu et al. 2010) .
Based on the 2000 national land-use data (1 km 9 1 km) (http://www.geodata.cn/Portal/metadata/ viewMetadata.jsp?id=100101-43&isCookieChecked=true), the dominant land-use type is arable land accounting for 82.54 % of the total area, of which 98.57 % is dry land and 1.43 % is paddy field. Land used for industries and residents accounts for another 15.79 %, other land-use types including grass, forest and water areas together are less than 2 %. According to annual Puyang statistical yearbook, fertilizer application in Puyang has increased from 161,179 tons in 1999 to 276,262 tons in 2013, with nitrogen fertilizer increased from 87,212 tons in 1999 to 125,108 tons in 2013.
There are nearly 90 tributaries which are mostly medium and small rivers, belong to the Yellow River basin (YRB) and Haihe River basin (HHB) with the Jindi River as their boundary. Among them, the Yellow River (YR), Jindi River (JDH), Majia River (MJH) and Zhulong River (ZLH) are the most important rivers (Fig. 1) . Except natural tributaries, irrigation canals also constitute another important part of surface water system in PYR. The First PQN irrigation canal (FPQN), the Second irrigation canal (SPQN) and the Third irrigation canal (TPQN) are the most important canals transporting water from south to north, with the Yellow River as their common source that located in the southernmost of study area. The SPQN and TPQN go through the whole study area from south to north and cross JDH through inversed siphon beneath, and the FPQN enters into MJH in its lower reaches after 35 km away from the Yellow River (Fig. 1) . The study is divided by the Jindi River, with the northern region belonging to the Haihe River Basin, and the southern area is part of the Yellow River basin.
As a part of the Yellow River alluvial plain, PYR irrigation region is mainly built up by river deposits with the loose bed thickness of the Quaternary system ranging from 350 to 400 m. Based on its stratum structure, it is usually divided into two different aquifer groups, a shallow unconfined aquifer less than 150 m and a deep confined aquifer between 150 and 300 m. The shallow aquifer and deeper aquifer are separated by claypan with weak permeability (Li and Song 2004) . In study area, groundwater hydraulic connection between YRB and HHB is poor because of clay stratum associated with the JDH which has low hydraulic conductivity. In addition, field measurement suggested that affected by lateral seepage of the Yellow River, water table in YRB often ranges from 2 to 8 m, while in HHB water table falls below 15 m and even deeper ( Fig. 1) . Groundwater heads are generally higher in the southern part and lower in the northern region. Generally speaking, groundwater in study area flows from south to north with part area located in river confluence reaches in HHB has dispersed flow to all directions.
Water sampling
According to instruction of water samples collection and preservation in the drinking water standard examination method (GB/T5750-2006), all of the surface water and groundwater samples were collected and preserved within one week in August 2013 (1 August through 6 August). Additionally, five surface water samples were collected from different rivers located in the study area, and the other 12 samples were collected at different sites from the irrigation canals. Eighteen shallow groundwater samples in HHB and another seven samples in YRB were collected respectively ( Fig. 1 ). Wells were purged by pumping at least three well volumes of water prior to sampling. All samples were stored at 4°C after bottling.
Analytical techniques
Electrical conductivity (EC), water temperature (T), pH and dissolved oxygen (DO) were measured in situ using multi-parameter portable meter (HACH40d, USA), which was previously calibrated. Alkalinity was determined by titration with 0.01 M H 2 SO 4 against methyl orange within 12 h. All water samples for chemical analysis and isotopic composition were filtrated going through 0.45-lg filter (Millipore cellulose acetate membrane) before laboratory analysis. Anions including Cl -and NO À 3 À Á were analyzed using ICS-2100 Integrated IC System (Thermo Scientific TM ).
Hydrogen and oxygen stable isotopes in H 2 O were measured using liquid water isotope analyzer (DLT-100, Los Gatos Research Inc., USA). Nitrate stable isotope sample collection and analysis were done following the procedures of Silva et al. (2000) . Nitrate was extracted using the anion exchange resin method, and its isotopes were determined using Finnigan MAT253 mass spectrometer combined with an online Flash Elemental Analyzer. All stable isotope analysis data were reported in per 
Results
Water chemistry and isotopic compositions
The NO The dD values in surface water vary from -69.04 to -52.84 % and d
18 O values vary from -9.62 to -7.15 %. Compared to surface water, groundwater has narrower range from -67.12 to -56.12 % for dD and from -9.08 to -7.30 % for d
18 O. The dD and d 18 O values of the Yellow River were -67.88 and -9.46 %, respectively.
Nitrogen and oxygen isotopes in nitrate
In general, the lighter isotope reacts more readily, resulting in the increase in the d 15 N of the substrate, and decreases in the products. Stable isotope composition of nitrogen in nitrate has been used extensively to provide information on the origins and transformations of nitrate in different water bodies due to the characteristics of different isotopic compositions in different formation process and transformation processes (Heaton 1986; Kendall and Aravena 2000; Kohl et al. 1971; Liu et al. 2006 value in groundwater may result from more microbial processes during vadose zone.
Discussion
Mixing processes
Even though low concentration of NO À 3 usually indicates natural sources while high levels of concentration means anthropogenic inputs, it is often difficult to judge nitrate source only based on nitrate concentration due to a variety of different nitrogen chemical forms and transformation processes which probably exerting effects on nitrate concentration. Therefore, Cl -is often used in combination with NO À 3 to distinguish mixing process from transformation process, because Cl -is usually considered as a conservative tracer which is not subject to physical, chemical and microbiological processes (Altman and Parizek 1995; Liu et al. 2006; Mengis et al. 1999 ). In general, there is no clear correlation between NO À 3 and Cl -which indicates that no simple mixing process is responsible for the change of NO À 3 concentration in surface water or groundwater (Fig. 3) consuming processes such as denitrification. It can be easily observed that NO À 3 in part of irrigation canals was mainly resulted from municipal effluent, and NO À 3 in rivers and groundwater in HHB may be the combined result of multisource (Fig. 4) . The NO À 3 =Cl À ratios in YRB decreased with Cl À remaining the same, which could be attributed to nitrate-consuming processes such as denitrification.
Possible isotopic fractionation processes
The basic premium for nitrate-nitrogen and nitrate-oxygen stable isotopes discriminating different nitrate sources to aquatic system reasonably is to ensure isotopic compositions representative of original sources without any considerable fractionation, which relies on an understanding of how different biogeochemical cycling affects the isotopic (Kendall et al. 2008 ). In the whole N cycling processes, isotopic fractionations of d 15 N almost happened in every major processes including atmospheric N 2 fixation, organic matter mineralization, ammonium nitrification, nitrate denitrification, assimilation and ammonia volatilization (Robinson 2001 in Fig. 6b showed that groundwater samples took from YRB had the d 18 O/d 15 N ratio between 0.5 and 0.7. YRB02, YRB04, YRB05, YRB06 and YRB07 were located in the eastern part of YRB with shallow water table and extremely low hydraulic gradients which makes denitrification possible. Groundwater with low hydraulic gradients usually remains long time in the same place, and with the proceeding of oxygen consuming process, available oxygen in the groundwater is quite limited which benefits to denitrification.
Nitrification is a multi-step oxidation process resulting in nitrate as main product and also other nitrogen oxides as its intermediate species. In general, the extent of fractionation during nitrification is dependent on the substrate pool that can be consumed; nitrification is diffusion limited at low ammonium concentration, and only stimulated when there is a large amount of ammonium available which will result in a large fractionation and d 15 N value of the first formed NO À 3 would be quite low (Kendall and McDonnell 2012) . The d 15 N value at TPQN02 site is 11.75 % and decreased sharply to 5.52 % at TPQN03 which is located in the downstream with the distance less than 1 km. At the same time, DO concentration also decreased accordingly from 3.17 mg/L at TPQN02 to 0.78 mg/L at TPQN03, which is resulted from nitrification of ammonium consumed large amount of dissolved oxygen. In addition, because there is a release of hydrogen ions during nitrification (Anthonisen et al. 1976 ), decrease of pH to an extent can be another evidence of nitrification with pH value from 8.13 at TPQN02 to 7.58 at TPQN03. However, with the (Feigin et al. 1974 (Fig. 7a ) which illustrated that occurrence of nitrification. TPQN received large amount of municipal sewage and industrial wastewater after entering Puyang City with EC value sharply increased to 5630 lS/cm at TPQN02, and sewage and wastewater are usually rich in ammonia which supplies necessary conditions for nitrification.
Source and fate of nitrate in surface water
Source of nitrate in rivers
The Yellow River is the most turbid large river in the world with suspended sediment concentrations average 20-50 9 10 3 mg/L in the middle and lower parts (Zhang et al. 1995) . Nitrate concentration of the Yellow River is 25.63 mg/L, which is slightly higher than the analysis result of 13.6, 19.5 and 20.6 mg/L conducted in August 2003 , September 2003 and May 2005 (Chen et al. 2007 ). According to statistics data, 9.729 9 10 9 m 3 of the Yellow River water in 2013 was diverted for irrigation, industrial and domestic use in the whole Puyang region which has an area of 4188 km 2 . Large amount of water derived from the Yellow River will not only contribute to nitrate in surface water, but also probably exert an effect on nitrate in groundwater through vertical infiltration of crop irrigation and lateral seepage of surface water. The d 15 N NO À 3 value in the Yellow River is ?6.890 %, which is in consistent with analysis result of ?5.1 % in Gaocun closed to study area conducted in late October 2011 by Liu et al. (2013) . The values of the Yellow River fell into the range indicative of soil organic nitrogen. In the middle reaches of the Yellow River, water loss and soil erosion of Quaternary Loess Plateau provides 10 % of the river discharge and 90 % of the river sediment load for the Yellow River (Zhang et al. 1990 ), which results in large amount of organic nitrogen in sediments and becomes one of the most important nitrate sources in the middle and lower reaches of Yellow River (Zhang et al. 1995) . Due to apparent seasonal variation of precipitation and its contribution to surface water, nitrate sources of surface water also present strong differences during dry season from wet season (Liu and Xing 2012) . Because unprocessed atmospheric nitrate only accounted for 0-7 % of the total nitrate in the Yellow River based on more accurate D 17 O estimation result (Liu et al. 2013) , nitrate in the lower reaches of Yellow River in wet season mainly derives from soil organic nitrogen, which is caused by large amount of soil erosion in the Loess Plateau.
Jindi River is one of the most important tributaries in the lower reaches of the Yellow River, which has the slight lower d 15 N NO ranging from -0.19 to -2.58 %.
In general, in the wet season nitrate in the Yellow River can be mainly attributed to mineralization of organic matter in sediment. And other rivers usually derived nitrate from synthetic fertilizer in ambient croplands including nitrate-nitrogen fertilizer and ammonia nitrogen fertilizer. While nitrate in rivers located in the downstream of concentrated residential area largely affected by municipal sewage and industrial wastewater.
Source of nitrate in canals
Rivers and irrigation canals are both as the most important surface water bodies. Different from rivers, water quality of irrigation canals didn't raised much more attention in the past. In fact, in order to facilitate irrigation, irrigation canals were usually established across concentrated farmland which makes them readily receive return flow from ambient croplands with lots of organic manure or synthetic fertilizer. In addition, field investigations found that municipal sewage and industrial wastewater that distributed along the irrigation canals also constitute another constant pollution which further complicated nitrate source discrimination.
All of the irrigation canals derive water from the Yellow River in the southernmost and transport it from the south to the north. Except FPQN is connected with MJH in its lower reaches, SPQN and TPQN are located in the west and east part of study area without direct connections with local rivers. In rainy season, precipitation usually can fully meet crop water demand and it's also the time to carry out watersediment regulation in the upper reaches of the Yellow River; thus, there are usually very limited water remaining in irrigation canals due to reduced or even stopped water diversion from the Yellow River, which make them extremely readily affected by anthropogenic activities compared with rivers. Both of the d 15 N NO value in SPQN02 and significant lower T and pH, which probably indicate of point source pollution. In addition, significant decrease in nitrate concentration and increase in its isotopic compositions Environ Earth Sci (2016) Due to inadequate drainage facilities in the western region of Puyang City, large amount of industrial wastewater and municipal sewage are discharged into TPQN irrigation canal. EC value in site TPQN02 jumped to 5630 lS/cm and gradually fell to 3560 lS/cm at site TPQN05 after around 20 km of flow path. As discussed before, nitrate isotopic compositions cannot reveal their pollutant sources due to fractionation effect during nitrification. But from the plot of NO À 3 =Cl À molar ratio versus Cl À , it can be found that water samples from TPQN irrigation canal clearly fell into the range indicative of municipal inputs which is consistent with field investigation result. Because allocation mechanism of water resources between Henan and Hebei provinces remains obscure, regulation sluice over TPQN canal in the administrative boundary was almost closed all throughout the year. In the downstream of water sluice, EC value of TPQN07 is 1039 lS/cm, which is greatly lower than that at TPQN06 but comparable to EC levels in Wei River.
In general, EC values in SPQN (from 792 to 1779 lS/cm) are obviously smaller than that in TPQN, which is probably because SPQN mainly distributes in agricultural cultivation region while TPQN passes across Puyang City with dense population and well-developed industries. Geographic variations become one of the most important factors that affect nitrate sources for surface water.
Source and fate of nitrate in groundwater
Compared to surface water, nitrate in groundwater is not readily affected directly by surface sources because of a series of biochemistry reactions occurred in soil and aquifer, but usually is the result of multiple factors including thickness of vadose zone, hydraulic conditions of aquifer and sediment compositions.
Due to big differences of hydraulic conditions and sediment compositions between YRB and HHB, nitrate sources for groundwater in YRB and HHB are different which can be found in nitrate isotopic compositions (Fig. 6b) values of YRB02, YRB04, YRB05 and YRB06 with much lower hydraulic gradient ranged from -6.07 to -1.40 % (Fig. 6b) . This is probably because groundwater with low hydraulic gradients always has a relative small flow velocity and long residence time which helps occurrence of microbial processes. 
Conclusions
In the Yellow River irrigation district, concentrations of NO À 3 in surface water were lower than in groundwater because of dissolution by large amount of precipitation in Combined use of hydrogeochemical data, nitrate-nitrogen and oxygen isotopic information, hydrogen and oxygen isotopic compositions in water molecules is a useful method to identify nitrate source and transformation processes. There is no mixing process or one single microbial process that is responsible for the shifts in nitrogen and oxygen isotopic values in surface water or groundwater.
In this study, nitrate in the Yellow River is mainly derived from soil organic nitrogen due to serious soil and water losses of the Loess Plateau in its upper reaches. Nitrate in other important medium and small tributaries is mainly affected by anthropogenic activities other than natural precipitation and soil organic matter in sediments. Of which, MJH01 and JDH distributed in agricultural areas derive the most of nitrate from agricultural activities such as application of synthetic fertilizer and pesticide, and MJH02 and YSG located in the downstream of concentrated residential area are usually heavily influenced by industrial wastewater and municipal sewage. The isotopic compositions of nitrate suggested that nitrate sources for irrigation canals mainly depended on its ambient environment. SPQN in agricultural area received large amount of return flow of irrigation and rainfall from ambient farmland in wet season, with dissolved synthetic and manure fertilizers as its main source and domestic sewage discharge from scattered villages as minor contributor. Nitrate in TPQN canal that passing through the biggest concentrated residential zone Puyang city can be attributed to drainage of local municipal sewage and industrial wastewater, and high correlation between d
18 O NO values indicative of manure and septic waste contamination.
